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I. INTRODUCTION
Mechanical Technology Incorporated has been under contract with r,orge C. Marshall
Space Flight. Center, NASA to conduct a research program, entitled "Analysis,
Design, and Prototype Development of Squeeze Film Bearings for AB-5 Gyro", Contract
No. NAS8-11678. Phase I of this program consisted of preliminary design studies
for a prototype with cylindrical journal and annular thrust bearings. Phase II
was related to the detail design, fabrication, and testing of the two units of
such a prototype. A final report for Phase I work was issued November. 15, 1965.
This report covers the work of Phase II.
Design and fabrication of tLie prototypes was subcontracted to Bendix Research
Laboratories Division. A comprehensive account of these efforts is described
in a report submitted by Bendix which is included as Appendix A. The main text
of this document deals with experimental studies performed on the two prototypes.
/1001,
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II. DESCRIPTION OF THE PROTOTYPES
The chosen design of the prototypes features the double film concept for both
,journal and thrust bearings. A radially poled piezoceramic thick sleeve trans-
ducer is excited to resonate at its hoop mode. Its inner and outer cylindrical
surface are ,journal bearings. In the radial direction, the transducer suspends
itself from the housing on the squeeze film formed by its outer cylindrical sur-
face while the float is also supported by the transducer on the squeeze film
formed by its inner cylindrical surface. Thrust loads are sustained by squeeze
films at the ends of the transducer, the axial motions of which induced by elas-
tic coupling.
This design concept offers two major advantages; namely
1. A single transducer element and a single driver oscillator are used
for the entire support system.
2. There is no mechanical fixation between the transducer and the sta-
tionary housing.
Each prototype is fitted with an instrumented dummy float; in which are mounted
two "Fotonic" sensors, electrical resistors for simulating the heat load of a
live gyro, and a thermal couple. The second prototype is also equipped with an
oninstrumented dummy float which duplicates the mass of an AB-5 float exactly.
the two prototypes are different in a number of details:
1. The transducer u*L-, the first prototype has pin-type electrical con-
nections which are anchored in countersunk holes machined in the
ends of the piezoceramic tube. In the transducer of the second
prototype, electrical leads are directly soldered into shallow
depressions on the ends of the piezoceramic tube.
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2. In the first prototype, electrical continuity between the connecting
pins and the electrodes of the transducer is maintained by extending
the electrode plating around either edge and soldering to it one of
the connecting pins. In the second prototype, at the edge where elec-
trical continuity is to be maintained, there are three grooves which
are also plated over; these grooves prevent loss of electrical contin-
uity due to abrasion of the edge.
3. The thrust bearing clearances of the second prototype are larger then
those of the first prototype.
These differences reflect deign improvements based on experiences learned by
operating the first prototype.
Complete description of the prototypes are referred to in Section 4 of Appendix
A.
I 
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III. EXPERIMENTS WITH FIRST PROTOTYPE
The first prototype as delivered could be started in the radial direction only
(output axis horizontal). However, after lift-off in the radial direction, then
reorienting the output axis to a vertical direction, the bearing still could be
rotated freely.
The unit was dissembled in order to install "Fotonic" sensors in the float.
Inspection of dissembled parts revealed traces of nickel transfer to one of
the inner thrust plates, which are made of aluminum oxide. Photomicrographs
of these are shown in Figure 1. The other inner thrust plate was not marked
by transferred nickel because the mating inner annulus of the transducer was
not plated. (See p. A-30) The outer thrust plates, which are made of glass,
were not marked by nickel either. The transferred nickel on the thrust plate
was removed by acid cleaning. The end face of the transducer from which nic-
kel was lost was smoothed by polishing.
While the unit was still dissembled, awaiting the installation of the "Fotonic"
sensors, resonance frequencies of the free transducer were checked. Searching
for resonances using a laboratory amplifier driven by an audio oscillator up
to 40 kHz, three resonances were detected, the corresponding frequencies were
nominally about 15.7, 19.7 and 32.2 kHz. These were consistent with results
obtained at Bendix Research Laboratories Division. Further operation with the
transducer, however, was interrupted when solder and nickel plating around the
connecting pin for the outer electrode parted from the ceramic cylinder. Mech-
anical adherence of the pin to the ceramic cylinder was reestablished with the
aid of filled epoxy, then silver paste was applied to achieve electrical con-
tinuity with the outer electrode. Due to the surface build-up by the silver
paste, the mating outer thrust plate had to be relief-bored locally to avoid
interferrence.
The repaired transducer was installed into the housing (without the float).
Radial lift-off was quite readily demonstrated at first. Thrust load capac-
ity, however, was extremely marginal, even after radial lift-off was achieved
-4-
I 
Wet - ^.	 •w r.
— 4:t —
Aluminum Oxide Surface with Transferred Nickel
	 Surface Damaµe of Plated Piesocet.unic Traroducer
Location 1
Aluminum Oxide Surface with Transferred Nickel 	 Surface Damage of Plated Plezoceramic Tranetlucur
Location 2
Fig. 1	 Nickel Transfer from Plated Piezoceramic Transducer to
Aluminum Oxide Thrust Plate
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first. Lift-off capability markedly deteriorated in succeeding operations, and
finally it became impossible to start.
Dissembling the unit again for inspection, nickel transfer was once more observed.
Traces of nickel were also found on the journal bearing surfaces which were moly-
bdenum. The aluminum oxide thrust plate was again acid cleaned, the other parts
were hand polished. All bearing surfaces were rubbed with molybdenum disulfide
powder prior to reassembly. The latter treatment also eased assembly.
In the meantime, one of the "Fotonic" sensors had been installed in the float.
Its operation was checked out against an outboard "Fotonic" sensor monitoring
one end of the transducer. It was established that, with the same do input
voltage to the drive circuit, the amplitude of the squeeze motion of the trans-
ducer was about only one half of that of t ie free transducer, when it was
assembled in place. This reduction in the squeeze motion of the transducer
was accompanied by a corresponding increase in its electrical tmpedance.
As preparations for taking the radial load deflection curve proceeded, elec-
trical continuity to the inner electrode broke down at the edge of the trans-
ducer. Because the required repair would include a considerable amount of
precision refabrication, it was decided to discontinue further bearing testing
	 «
of this unit.
The incapacitated first prototype was then put through a heat run with 15 watts
supplied to the resistors inside the float. This amount of power was intended 	 J
to simulate 10 watts normally dissipated inside a typical AB-5 gyro float plus 	
11
5 additional watts which was estimated to be equivalent to the heating of the
transducer. The total temperature rise above ambient was found to be 25°C.
Experiences reported above led to design change- in the second prototype. These
include the method for making electrical connection and grooving of edges of the
transducer prior to plating. Also after reviewing the relative amplitudes of
squeeze motion in axial and radial directions, a slight increase in the clear-
ances of the thrust bearing was recommended.
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IV. EXPERIMENTS WITH SECOND PROTOTYPE
Measurements of Free Crystal Vibration
lh• piezoceramic cylinder from the second Bendix prototype squeeze-Mm bearing
unit was driven over a frequency range from 10 to 40 kc using a signal generator
and power amplifier. The principal low impedance resonance frequencies were as
follows:
15.73 kcps
	 -	 1st hoop mode
19.7 kcps
	 -	 2nd hoop mode (nodal points at 1/4 points along
cylinder length)
32.2 kcps
	 -	 1st axial mode
For constant drive voltage, the first hoop mode gave an average of more than 20
times the radial motion given by the second hoop mode. The radial motion when
driving at the axial mode was even smaller, below the noise level of the fiber
o p tic sensor used to detect motion. Therefore, it was decided to make a detailed
survey of motion amplitudes at various locations on the cylinder for only the
first hoop mode. Also, this is the mode which the self-tuning driver (number 2)
supplied by Bendix was set up to drive.
Using the self-tuning driver, measurements of crystal motion were obtained for
several drive voltages as shown in Table I. The locations of the measurement
points are indicated in the schematic accompanying the table.
TABLE I
Measurements of Piezoceramic Cylinder Vibration Amplitudes
when Operating at First Hoop Mode Resonant Frequency (15.73 kcps)
7 1	 2	 3 5
Location of Me surement Points
lee.Rw	 --_..	 _.a.:.^.a,..:.m..-._^....^...... ..,,•.,.a.a.:,e>..,:,..,_. ,,
	
... ^
	
....._.. ..__... 	
_,.... ,..^,..:.,..,. _....,, 	 ,. .., ...,^„acc.n^...:_,. ,^ '.u.wv rewrw,^wr
	 ^ +wr.•um,wr.^^awu.«rw::.enr. i
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Measurement points 8, 9, and 10 were made at an angular position 90 degrees
displaced from that used for points 1, 2 and 3.
DC Transducer Motion Amplitude
Measurement Supply Current in x
	 10 -6 ,	 Single
Location Volts Amps;
	 rms. Amplitude
1 4.5 0.20 48.4
5.5 0.26 58.8
6.5 0.33 72.7
7.5 0.38 83
2 4.5 0.21 62.2
5.5 0.27 76.0
6.5 0.32 93.4
1.5 0.38 107.2
3 4.5 0.19 46.8
5.5 0.27 58.8
6.5 0.33 69.2
7.5 0.38 83.0
4 4.5 0.19 22.5
5.5 0.26 27.7
6.5 0.32 32.9
7.5 0.38 36.3
5 4.5 0.19 17.3
5.5 0.26 20.8
6.5 0.32 27.7
7.5 0.38 31.1
6 4.5 0.18 22.5
5.5 0.26 31.1
6.5 0.32 34.6
7.5 0.37 41.5
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T:.ble (Continued)
DC Transducer Motion Amplitude
Measurement Supply Current in x	 10	 ,	 Single
Location Volts Amps;	 rms. Amplitude
7 4.5 0.18 13.9
5.5 0.26 17.3
o.5 0.32 20.8
7.5 0.38 22.5
8 4.5 0.18 48.4
5.5 0.26 60.5
6.5 0.32 72.6
7.5 0.37 83
9 4.5 0.18 62.1
5.5 0.26 79.5
6.5 0.32 90.0
7.5 0.37 104.0
J
10 4.5 0.19
1
50.2
5.5 0.26 60.5
6.5 0.32 72.5
7.5 0.37 83
These results are consistent with earlier measurements and with expectations.
They indicate a variation in radial motion from the edge of the cylinder to
the midplane of about 0.75 to 1 and a ratio of axial to midplane radial motion
of about 0.35 to 1 at the inner edge and 0.25 to 1 at the outer edge.
Measurements Using the Instr umented Float	 i
w
The DC supply voltage, AC voltage (rms) applied to the transducer, current (rms)
supplied to the transducer, and the radial vibration amplitudes at the midplane
	 1
and at one edge of the transducer were measured for the following three conditions
	 1!
I
of operation:
(a) DC supply voltage necessary to achieve lift off.
(b) Having achieved lift off, the reduced DC supply voltage at which
there is a detectable sound indicative of impending contact and
drag on the float.
(c) The DC supply voltage necessary to achieve a midplane vibration
amplitude (single side) equal to half the inner film radial
clearance (excursion ratio - 0.5 or 85 p in peak).
These measurements were obtained for five orientations of the unit including
three angular positions spaced 120 degrees apart with the float axis horizontal
(radial gravity load), and both positions with the float axis vertical (Cxial
gravity load). The results are shown in Table II.
TABLE II
Measurements Using Instrumented Float
Transducer Ra4ial Excursion
Operating
	 AC Volts,	 AC Current,
	 in x 10 -	peak
Condition
	 DC Volts
	 rms.	 amps, rms.	 Center	 End
Float Axis Horizontal, Housing Position 1
Lift-Off
	 3.5
	 14.6	 0.12	 38.25
	 33.3
Impending
Contact
	 1.2
	 4.0
	 -	 15.3	 13.0
0.5 Excursion
Ratio
	 8.0
	 26	 0.31	 84.5
	 63.0
Float Axis Horizontal, Housing Position 2
Lift-Off
	 3.0	 13.1	 0.09
	 34.5
	 27.7
Impending
Contact	 2.0
	
6.2
	 0.03	 19.1	 14.8
0.5 Excursion
Ratio
	 7.8
	 25	 0.30	 85	 62.8
-9-
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Table (Continued)
Transducer Radial Excursion
Opertaing DC Volts	 AC Volts, AC Current, in x 10 peak
Condition rms. amps,
	 rms. Center End
Float Axis Horizontal, Housing Position 3
Lift-Off 3.5 14.2 0.12 42.2 29.6
Impending
Contact 1.8 6.0 0.03 19.1 16.6
0.5 Excursion
Patio 8.7 27.8 0.32 85 64.7
Float Axis VerLical, Position
Lift-Off 5.0-7.0 16.8-23.2 0.13-0.25 40.2-69 31.4-52
Impending
Contact 4.5 13 0.08 30.7 24.8
0.5 Excursion
Ratio 9.0 29 0.32 86 66.5
Float Axis Vertical, Position 2
Lift-Off 6.0-7.0 20 -22 0.15-0.18 42-50 33.3-37
Impending
Contact 5.7 16 0.10 32.5 22.2
0.5 Excursion
Ratio 8.6 28 0.31 85 66
Repeated measurements of the conditions for lift-off gave consistent results,
within about 10 percent variation in drive voltage, when the float axis was in
any of the horizontal positions.	 Reproducibility was not as good when the axis
was vertical so the range of values obtained from 5 trials is given in the	 table.
Within limits of reasonable experimental error,	 the ratio of motion amplitude at
\.11-
the midpl.ane to that at the end of the cylinder is consistent with that observed
with the free crystal (experimental error limits of 10 percent may reasonably be
expected when measuring such small motions).
At the conclusion of the above measurements, the DC supply voltage was set at
5.0 volts giving 17.3 volts rms applied to the transducer, 0.13 amp. rms trans-
ducer current and radial motions of 41 and 33.3 microin at the midplane and end
positions respectively. The intent was to operate continuously for several hours
at these conditions, measure the float temperature rise, and recheck the con-
ditions for lift off with the unit at equilibrium operating temperature. Instead,
when the unit was checked after about lk, hours operation, there was an audible
squealing sound and the transducer current and the motion amplitudes had fallen
to very low levels indicating that the surfaces were in contact. Float tempera-
ture at this point was 75.5F, or 3.5F above room temperature. Attempts to re-
start the unit using up to 10 volts DC supply voltage were unsuccessful unless
the float was manually raised to initiate lift-off. It was necessary to maintain
supply voltages of 6.5 to 7.5 volts to keep the float floating.
Upon disassembly of the unit, a brownish stain was found on the float radial
surface and the inner surface of the ceramic cylinder. The stain covered about
20 percent of the surface area. The thrust bearing and outer radial bearing 	 M
surfaces were in good condition with no evidence of significant change from the
appearance prior to any testing. The source, or cause, of the brown stain is
unknown. It was removed from the ceramic cylinder by immersion in hot trichlor-
ethylene and the uninstrumented float was installed.
Measurements Using the Uninstrumented Float
The uninstrumented float was supplied with aluminum oxide thrust plates instead
of the pyrex thrust plates used on the instrumented float. The difficulty with
aluminum oxide thrust plates picking up nickel from the ceramic tube surface
resulting in deterioration of that surface and constraint to transducer vibration,
which was experienced with the first Bendix squeeze-film bearing unit has been
described. The same difficulty was experienced again with the uninstrumented 	 }
ON
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float. Our first approach to overcoming the problem was to put a very light
coating of microfine MoS 2 on the aluminum oxide surface and then rub and polish
it vigorously to produce a thin adherent MoS 2 film. This was generally effec-
tive in preventing surface damage or transfer of nickel. However, MoS, is a
semiconductor and, after a few starts and stops, the electrodes on the piezo-
ceramic cylinder would short out through the float. To avoid this, a burnished
film of Teflon was used instead of MoS 2 . This protected the electrode surfaces
well enough for the experiments to be completed without operational difficulty
or any postexper..imental evidence of damage.
Results with Radial Loadinst
Load capacity and stiffness data were obtained with the float axis horizontal
and with 5 volts DC supply, 0.17 amp. rms transducer current and 16.8 volts
rms applied to the transducer. Radial load, in addition to the total weight,
was applied by suspending weights from a thread looped around the shaft exten-
sions of the float at equidistance from the bearing centerplane. Calculated
values of load ca pacity were obtained from the performance curves of Figure 5,
MTI-65TR26 ("The Solution of Special Squeeze Film Gas Bearing Problems by an
Improved Numerical Technique" by Malanoski and Pan). The calculated eccentric-
ities with the piezoceramic cylinder weight added to outer film load. The
measurements of motion amplitudes on the free piezoceramic cylinder showed a
ratio of motion at the end to motion at the midplane of about 0.75. This would
represent a value of the parameter, a, designating the degree of axial non-
uniformity of the transducer motion, of -0.25. The calculated results were
obtained using the curve for a = -0.4 which represents a somewhat greater non-
uniformity of the transducer motion than was probably actually the case.
Measured and calculated results are given in Table III.
4-13-
TABLE III
Measured and Calculated Loffd Capacity
Using Uninstrumented Float - Radial Loading
Measured Total
Calculated Eccentricities, in x 10
-6
	Eccentricity,
Load, Lb.
	 Inner Film	 Uutef Film	 Total	 in x 10-6
1.18	 (float	 alone) 32.4 45.5 77.9 121
1.505 36.3 48.2 84.5 143.4
1.83 40.2 49.5 89.7 163.6
2.154 43 50.8 93.8 184
The measured eccentricities are substantially larger than the calculated values.
The discrepancy grows larger as the load, and the eccentricity, are increased.
The measured eccentricity is about 1.55 times the calculate eccentricity with the
float alone, and 1.96 times as large with the maximum external load of 0.974 lb.
The measured deflection in response to applied load,in addition to the float weight,
is nearly equal at the two ends representing a static stiffness of about 1.55 x
10 5 lb/in. The calculated static stiffness about the operating position for the
float alone is 4.9 x 10 5 lb/in. and it increases to nearly 8 x 10 5 lb/in. at the
highest load.
If it is assumed that the measured total eccentricity is divided between inner
and outer films in the same proportion as the calculated eccentricities, the
outer film measured eccentricity at maximum load would be about 100 microin.
Further, if the midplane transducer excursion is taken from the measurements for
equivalent conditions using the instrumented float (about 40 microin single side),
we have a sum of dynamic excursion and steady-state eccentricity of 140 microin
or 0.76 of the outer film clearance. This represents a moderate load condition.
There is no obvious explanation for the discrepancy between calculated and
measured load capacities, particularly since the allowance for nonuniformity of
the transducer motion used in the calculations is somewhat greater than the
4
s
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measurements on the free cylinder would indicate. The observAtion is consistent
with previous comparisons involving both floating cylinder (Ref. 1) and conical
squeeze-film bearings (Ref. 2). The factor of 1.5 to 2.0 reduction in measured
load capacity over the calculated values appeared in these earlier comparisons
also.(In the case of the floating cylinder data given in Ref. 1, the discrepancy
is considerably smaller. However, the theoretical results used for that com-
parison are for the case of infinite length cylinders which was all that was
available at that time. Theoretical results for finite length, L/D - 1.0, cyl-
inders give substantially higher calculated load capacity and the magnitude of
the discrepancy then is comparable to that observed here). 1! appears that some
rather significant aspect of the operation of the experimental squeeze-film
bearings is not being accurately represented in the theoretical analysis.
Results with Axial Loading
The unit was positioned with the float axis vertical resulting in an axial gravity
load. Excitation of the transducer with 5 volts DC, 0.15 amp rms transducer cur-
rent, resulted in a measured axial lift of the float of 25 microin. The float did
not appear to be fully airborne.
From data obtained on the free transducer and with the instrumented float, axial
motion amplitudes of 18.1 microin single amplitude at the inner edge and 14
microin single amplitude at the outer edge would be expected. Using the theoret-
ical curve of Figure B1, Ref. 3, and ignoring the effect of the opposing side
bearings, gives calculated thrust bearing film thicknesses of 75 microin for the 	 1
inner bearing and 52.5 microin for the outer bearing. The effect of the opposing
side bearings would be extremely small for the measured float position since they
i
would have excursion ratios on the order of 0.02 to 0.03. Even if the float po-
sition is taken from the calculated film thicknesses for single side bearings,
the additional load imposed by the opposing bearings would be just over 0.5 lb
on both inner and outer bearings. This is just a fraction of the gravity load.
Clearly, the measured float lift is very much lower than the theoretical lift,
even if the effect of the opposing side bearings were to be considered.
to
_15-
The DC supply voltage was increased to 10 volts, 30 volts rms applied to the
transducer and 0.32 amp rms transducer current. The measured axial lift was
then 31.2 microin and the float appeared to be airborne. However, the support
was precarious and even slight ached downward pressure on the float resulted
in some drag. Thereiore, no attempt was made to obtain load deflection data
by adding additional weights.
The surfaces of the aluminum oxide thrust plates which come with the uninstru-
mented float were quite rough, and, it is suspected that the peak-to-valley
surface roughness dimensions were significant in relation to the small axial
clearances (95 microin). Thus, effective modification of the inner thrust
bearing clearance may be partly responsible for the relatively poor performance,
and large deviation from calculated load capacity, of the unit with axial load-
ing. Another possibility is that frictional drag on the end faces of the
pieaoceramic cylinder was restraining the transducer resulting in lower vibra-
tional amplitudes than would be expected from the free cylinder and instru-
mented float data. However, the transducer current was comparable to that
recorded in the earlier tests and, since vihration amplitudes and current are
closely related, this suggests that there was no significant restraint to the
transducer.
1
4
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V. CONCLUSIONS
1. When the electrode surfaces are also used as the bearing surfaces, there is
a serious material problem. At present, the electrode is applied by electro-
less nickel plating after precision grinding of the piezoceramic sleeve.
Unfortunately, nickel tends to transfer. Use of MoS 2 or Teflon films has
helped in the reported experiments, but it does not appear to be a reliable
permanent fix.
2. Experience with the connecting pins in the first prototype illustrated that
such attachment to the transducer is not very reliable because it is Subject
to very high-g loading.
3. Temperature rise due to 15 watts total heating was found to be 25°C. At
least at this heating level, external cooling does not appear to be neces-
sary. Since the heat run was performed at normal atmospheric conditions,
it was not known whether the primary mode of cooling was radiation, conduc-
tion, or natural convection. Since the last mode of cooling would be g
,. ,:nsitive, the present conclusion must be regarded as tentative.
4. The present bearing design is very marginal in its thrust load capacity.
This is primarily because the thickness of the rwdially poled transducer
sleeve is limited to about 0.5 01 . Using a composite structure to build up
the end face area provides only a partial an •.j.,r since the additional mass
of such structure would also increase the bt..ring load.
5. The squeeze motion amplitude which can be obtained with the floating sleeve
transducer appears to be limited to about 10-4 inch per inch (single amplitude)
of radius.	 This means that the clearances must be proportionately small
and that fabrication tolerances become extremely tight (on the order of 10-5
inches). Long time dimensional stability of the parts is also clearly a
matter of great concern.
^I
6. There was a considerable discrepency between measured and calculated load
a-17-
coii.jcities - with the measured capacity lower than the theoretical. The
<<asons for the difference are not entirely clear and it seems likely that
there is some significant aspect of the operation of the experimental trans-
ducer which is not accurately represented in ti,e analysis.
I
t,
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APPENDIX A: SQUEEZE-FILM BEARING TRANSDUCERS
Summary Report - Phase II
SECTION 1: INTRODUCTION
This report describes results of the design, development and fabrication
effort on squeeze-film bearing transducers and their electrical drives.
The work was performed under subcontract from Mechanical Technology
Incorporated. The prime contract was NAS8-11678 from the National Aero-
nautics and Space Agency, Marshall Space Flight Center.
The first portion of the work was reported in MTI-64TR66, Analysis, Design
and Prototype Development of Squeeze-Film Bearings for AB-5 Gyro - Phase I
Final Report,, Bearing Analysis and Preliminary Design Studies, November 15,
1964. The present report is concerned with the Phase II accomplishments,
which were the detail design and fabrication of two experimental bearing
transducers and electrical drives.
The general configuration selected for the transducers is shoxm in Fig-	 t)
ure A-1. The bearing gaps and plating thicknesses are shown larger than
actual scale for clarity. The piezoceramic cylinder is driven electrically
at one of its resonant frequencies. This cylinder then undergoes dynamic
strains both radially and axially. All four surfaces of the piezoceramic
n	 v	 oscillating bearingcyli der serve as 	 	  surfaces.
The inner thrust plates are attached to the floated cylinder. The floated
cylinder is supported radially on a squeeze film between the cylinder OD
and the piezoceramic cylinder ID, and it is supported against axial loads
by squeeze films between the piezoceramic cylinder and the inner thrust
plates. The floated cylinder is free to rotate about the bearing axis.
is
FLOATED
CYLINDER
PLATED
ELECTRODE
SURFACE
INNER THRUST PLATE
NONCONDUCTING (2)
OUTER THRUST PLATE
NONCONDUCTING (2)
.	 ^
PIEZOCERAMIC
OUTER CYLINDER	 CYLINDER
ELECTRICAL
LEAD
	
ELECTRICAL
LEAD
A-2
P. 4131
Figure A-1 - Bearing Transducer - Schematic
4
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The outer end plates are attached to the transducer outer cylinder. The
piezoceramic cylinder supports itself, together with the floated inner
cylinder, on squeeze films with respect to the stationary members of the
transducer for both radial and axial loads. in principle, the piezoceramic
cylinder can rotate freely about the bearing axis. However, to avoid
interference of the electrical leads with other parts of the unit, anti-
rotation means (not shown in Figure A-1) are employed in the actual trans-
ducer designs.
The electrical leads are connected to conductive plating applied to all
surfaces of the piezoceramic material. The plating is divided into two
separate electrode surfaces by chamfers at the inner diameter edge on
one end and at the outer diameter edge on the other end. Alternating
voltage is applied through the leads to the two electrode surfaces to
drive the piezoceramic cylinder. In use, the electrode surface adjacent
to the floated inner cylinder is grounded. Because the piezoceramic
cylinder has a very sharp resonance, a self-tuned driver-oscillator is
employed.
There are provisions (not shown in Figure A-1) for installation of "Fotonic"
dynamic displacement pickups in the inner floated cylinder and in the
thrust plates. These are for monitoring the excursions of the piezoceramic
cylinder in the experimental transducer. Also, there are provisions for
monitoring the radial and axial displacements on the floated cylinder with
respect to the case using capacitive displacement pickups. These are used
for evaluating the bearing under load conditions.
The configuration described offers the advantages of mechanical simplicity
and a small number of essential parts. For example, there is no require-
ment for clamping or otherwise fixing the vibrating piezoceramic cylinder
with respect to a non-moving member. Also, only one driver-oscillator is
needed. Another consideration is the ease of heat transfer from the inner 3
1A-4
floated cylinder and the piezoceramic cylinder to the outer surface of
the case. In the chosen configuration, this heat transfer is accomplished
without large temperature differences.
The body of this report gives a more detailed description of the trans-
ducer which has been developed. Also described are salient points of
the transducer fabrication experience, and the results of a feasibility
investigation of modified configuration (distributed support approach.)
ti
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SECTION 2: PILZOC1:WIIC CYLINDERS
2.1 Introduction
Previous work has shown that a rad!ally-poled piezoceramic cylinder excited
in its first "hoop" mode resonance cal provide both radial and axial
dynamic excursions suitable for squeeze-film bearing operation." The
transducer ccnfiguration illustrated in Figure A-1 was selected to utilize
these excursions. It is seen that the available thrust bearing area is
dependent on the piezoceramic cylinder wall thickness. Achieving a large
wall thickness was a major difficulty for the piezoceramic cylinder
supplier.
Beginning with basic requirements of a 2.16-inch length and a 2.16-inch
inner diameter (to accommodate a simulated AB-5 float), a nominal 0.50-
inch wall thickness was achieved. Cracking of the blanks during manu-
facture was a problem. This was due to high internal tensile stress
resulting from the change in cylinder wall thickness that accompanies
poling. The relatively large wall thickness to mean diameter ratio ac-
	 J
centuates this problem. The cylinder blanks were supplied by Gulton
	 M
Industries, Incorporated and were made of HDT-31 material (a lead zir-
conate titanate piezoceramic).
Before receipt of cylinder blanks for the transducer, experiments were
	 J
performed on small-scale cylinders ha-ing a 0.50-inch length, a 0.50-inch
inner diameter, and a 0.125-inch wall thickness. These small-scale cyl-
inders also were made of HDT-31 material. The purpose of the small-scale
cylinder experimentation was to obtain information on the dynamic behavior 	
I
of thick-wall cylinders. It will be recalled that the cylinders used in
Phase I vere essentially thin-wall cylinders, their dimensions being
Report MTI-64TR66, prepared under contract NAS8-11678, NASA/Marshal].
Space Flight Center.
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2.00 inches in length, 1.60 inches in inner diameter, and 0.20-inch wall
thickness. They war- made of PZT-4 material, which is similar to HDT-31
material. A comparison of the cylinder proportions is given as follows.
Phase II	 Phase 'I	
Phase
Full Scale	 Small Scale
wall thickness	 0.19	 0.20	 0.11
mean diameter
In addition to studying the effect of the increased ratio of wall thickness
to mean diameter, it was desired to evaluate the effect of the selected
plated electrode geometry. U will be noted in Figure A-1 that the
plating covers practically the entire surface of the piezoceramic cylinder.
The plating is divided into two electrode sections by narrow circular
breaks, one at the outer diameter edge at one end of the cylinder and
one at the inner diameter edge at the other end. In the vicinity of the
breaks, the electric field is not purely radial, and there was a question
regarding the effect of the non-radial field on the cylinder. dynamics.
A third effect which can manifest itself is related to the characteristics
of two different platings. One is the silver plating applied during
manufacture of the cylinder blank. The other plating is electroless
nickel which is applied after stripping off the original silver plating
and, if the situation requires it, machining the bare piezoceramic. In
the investigation performed, the ; purely radial field electrode geometry
(unplated cylinder ends) had the original silver plating, and the selected
electrode geometry (plated cylinder ends) had electroless nickel plating.
A fourth effect of interest is the influence of heat treatment. To age
the piezoceramic material artificially, most of the cylinders weze sub-
jetted to an elevated temperature for a given period of time. A tempera-
ture of 400 F (well below the Curie temperature of 617 F) and a dwell
time of one hour were typical. The artificial aging was deemed desirable
to stabilize the cylinder dimensionally and electrically. The heat
I I
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treatme«t, when used, occurred before the cylinder was stripped of its
silver plating. Thus, in the investigation performed, the nickel-plated
cylinders had been heat treated, unless specifically stated otherwise.
2.2 Displacement Data
A difference noted between the Phase I and Phase II cylinders was that
the "shell" mode resonance was not as pronounced in the thick-wall Phase II
cylinders as in the thin-wall Phase I cylinders. (In the Of
	 mode,
the radial motion of the cylinder ends is 180 degrees out-of-phase with
the radial motion at the cylinder midplane, and the axial motion is very
small.) However, the "hoop" mode had been selected for normal operation
of the bearing, and this mode has a strong resonance in the thick-wall
as well as the thin-wall cylinders. (In the "hoop" mode, the radial motion
all along the cylinder length is in-phase and the magnitude of the axial
motion is approximately 35 percent of the midplane radial motion magnitude,)
It was also noted that the "length" mode resonance was strong in the thick-
wall cylinders as well as in the thin-wall cylinders. (In the "length"
mode, the radial motion all along the cylinder length is in-phase, and
the axial motion magnitude is about 2.5 times the midplane radial motion
	 M
magnitude.)
The experimental setup used to obtain data on the cylinders was essentially
the same as that used in the Phase I work. The setup is described in
	 i
Figures A-2 and A-3.	 t
Table A-I compares the experimentally determined dynamic characteristics
of five different cylinders. These characteristics are for the "hoop"
e
mode resonance of a free cylinder. The quantities used in the table are
defined as follows:
Driving Field	 -	 ms voltage applied divided by nominal
wall thickness, volts/in ms
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Nominal Rcsonant	 -	 frequency at which electrical im-
Fre,juency
pedance is a minimum, kcps
Mechanical Q	 -	 a figure of merit roughly propor-
tional to the motion amplification
at resonance, as referred to the motion
magnitude at a nonresonant condition
with the same driving field,
dimensionless
Radial Strain	 - midplane radial motion single
amplitude divided by cylinder mean
radius, dimensionless
Axial Strain	 -	 axial motion single amplitude (one
end) divided by cylinder mean radius,
dimensionless
It will be seen that the characteristics of the Phase II full-scale cyl-
inder with nickel plating and plated ends compare favorably with those
Mechanical Q is found by the formula:
f2
Q C	
U
2 7 f s R C (f2 - fs)
where
f  - antiresonant frequency, the frequency at which the
electrical impedance is a maximum, cps
f  - resonant frequency, the frequency at which the
electrical impedance is a minimum, cps
R - equivalent resistance at resonance, ohms
C - low frequency (1000 cps) capacitance, farads
V,
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of the other cylinders tested. It is concluded that no apparent penalty
in piezoceramic cylinder performance results from the thick-wall configura-
tion and the selected plated electrode geometry.
It is not known at this time why the Phase II small-scale cylinders gave
comparatively low strain values.
Dynamic displacement data on a full-scale peizoceramic cylinder. (in the
"hoop" mode resonance) is given in Figure A-4. This cylinder had the
plated end electrode configuration, and nickel plating. Comparison with
corresponding data on the Phase I thin-wall cylinder is given below.
Phase II	 Phase I
Thick Wall	 Thin Wall
Radial displacement at cylinder
ends as a percentage of midplane
radial displacement 	 75%	 30%
Axial displacement as a percentage
of midplane radial displacement
	
30%	 35%
Thus, the thick-c•,all cylinder radial disprac:iment is more uniformly dis-
tributed along the cylinder length, and the axial displacement is slightly
less than in the case of the thin-wall cylinder.
The axial displacement values plotted in Figure A-4 are each the average
of six readings. The readings were taken at three equally-spaced orien-
tations around the cylinder circumference, and an inner radius and outer
radius reading were taken at each orientation. The readings were uniform
as to circumferential orientation within experimental error. However,
the axial displacements were consistently larger at the inner radius than
at the outer radius. A reason for this is suggested by the mode shape
sketched in Figure A-4. Bending of the cylinder superimposed on pure
axial extensional motion would produce the observed effect. The dynamic
I
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displacement measurements showed the outer radius axial displacement to
be about 17 percent smaller than the average axial displacement value.
Correspondingly, the inner radius axial displacement is about 17 percent
greater than the average axial displacement value.
Figure A-5 is a summary of the complete experimental data on the two
full-scale Phase II cylinders which were described in Table A-I. Excita-
tion voltage, power input, current and Q are presented as functions of
displacement amplitude. Again, this data is for "hoop" mode operation.
It is seen that, except for Q, the data points for the two cylinders lie
close to the same lines despite differences in heat treatment, different
plating materials and electrode configurations. The data also indicates
that within a range from 80 to 150 microinches single amplitude midplane
radial displacement, and probably to larger displacements, the following
relationships hold:
(voltage)	 ti (displacement)2
(power)	 'IV (displacement)3
(current)	 ti (displacement)1
(Q)	 ti (displacement)-1
2.3 Cylinder Characteristics
A total of eleven cylinder blanks were procured for the Phase II work.
Data on the cylinders are given in Table A-II. The quantities denoted
in the table are as follows:
f 
	 - resonant frequency at 20 V rms excitation, kcps
("hoop" mode)
R
equiv - equivalent resistance of cylinder when excited
with 20 V rms at resonance, ohms
Q	 - as defined previousiy, with 20 V rms excitation,
dimensionless
C	 - capacitance with small signal excitat,cn at 1 kcps,
microfarad.
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It is noted that there is significant variation of 
Requiv and Q among
cylinders in the same condition, and that heat treatment and/or nickel
plating can change these quantities substantially for a given cylinder.
The equivalent resistance and Q are of interest because they are directly
related to the power dissipation within the cylinder. Thus, a low Requiv
and a high Q are indicative of efficient use of electrical energy to
provide the displacements required by the bearing. Also, some of the
internal power dissipation mechanisms could be associated with mechanical
imperfections and a tendency toward fracture under dynamic operating
strains. For these reasons, we will discuss the data in Table A-II to
attempt to determine those factors in processing which influence Requiv
and Q. Also, the effect of processing on the other quantities will be
noted.
2.3.1 Change in Q and Equivalent Resistance
There are three cylinders where Q values are available for the "as received"
and "after nickel plating" conditions. These are numbers 3, 5 and 6.
In all cases, Q increased going to the final condition. In these same:
cases, the capacitance,C,also increased.
There are five cylinders where 
Requiv values are available for the "as
received" and "after nickel plating" conditions. These are numbers 1,
3, 5 0 6 and 7. In all cases but one (No. 1), Requiv increased.
A simultaneous increase in Requiv and Q can be accounted for as follows.
The equivalent resistance is related only to the energy dissipated in
the cylinder. The quality,Q, however, involves both the energy dissipated
and the energy stored as potential and kinetic energy of vibration. The
general definition of Q is,
Q 2	 energy stored
energy dissipated per cycle
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Therefore, if the energy atored increases more than the energy dissipated,
Requiv and Q can both increase. A possible way for the energy stored to
increase in the plated end electrode configuration is by shearing strains
at the locations where the electric field is not purely radial. Further
investigation would be necessary to establish definitely the reason for
the increased Q observed in going from the "as received" to the "after
nickel plating" condition. However, the above explanation is offered as
a possibility.
2.3.2 Effect of Heat Treatment
Data on three cylinders, numbers 4, 6 and 8, indicate the effect of the
heat treat step only. A relatively mild heat treat (cylinder No. 4) re-
sulted in a 13-percent decrease- in 
Requiv' A relatively severe heat treat
(cylinder No. 6) gave a 50-percent increase in 
Requiv' A heat treat cycle
intermediate to the two extremes resulted in a 22-percent increase in
Requiv (cylinder No. 8). This cats suggests that the thermal experience:
of a cylinder has a large effect on the change in Requiv'
An explanation of this behavior is proposed. The dissipation per strain
cycle in a cylinder increases as the strain magnitude increases. 'Phis
is supported by experimental data given above which shows that the power
required to drive_
 a cylinder at a specified displacement level goes Lip
approximately as the cube of the displacement. Also, it has been observed
experimentally that 
Requiv consistently increases as the driving voltage
is increased. Let us assume that local " locked - in" strains or other in-
homogeneous conditions can be present in the cylinder. These become
centers for relatively high energy dissipation when the overall strains
due to driving the cylinder are superimposed. The amount of energy dissi-
pation is reflected in the value of Requiv'
The mild heat-treat c ycle then appears to anneal the cylinder, removing
some of those locked-in strains or inhomogeneous conditions which are
^	 1
# n
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reversible. On the other hand, the severe heat-treat cycle, applied to
a thick-wall cylinder made of a material having low thermal conductivity,
appears to aggravate the locked-in strains and inhomogen.'ties rather
than remove them. The intermediate heat-treat cycle apparently has an
intermediate effect.
2.3.3 E,c cect of Platinit
Only one cylinder, number 6, has data showing the effect of nickel plating
independent of the hea t_ treatment. In this case, 
Requiv decreased 27 per-
cent and Q increased 40 percent. The data also indicates that the nickel
plating causes a significant increase in capacitance.
While data on only one cylinder is not conclusive, an explanation can
be Luggested for the decrease of 
Requiv upon application of the nickel
plating. Assume that important dissipation sources in the cylinder in
the "as received" condition are associated with the silver plating and
the silver plating-piezoceramic interface. Then, substitution of the
thin nickel plating seems to result in less dissipation than with the
original silver plating. The increase in capacitance may result from
differing characteristics of the plating-piezoceramic interface for the
silver and nickel plating, and from the fact that in the nickel-plated
configuration the ends are plated so that the edges of the two electrode
surfaces come quite close together.
2.3.4 Effect of Room Temperature Aging
Aging effects are to be expected in the piezoceramic cylinders since the
literature on lead zirconate titarate materials indicates that the various
piezoelectric constants change with aging. Changes of several percent per
time decade are quoted. (The first time decade is two weeks.)
a N
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The data in Table A-II shows that shelf aging produces changes in Requiv'
This is observed for cylinder number 1 (period of 9 weeks, change of
11 percent), and cylinder number 6 (period of 7 weeks, change of 16 percent).
In both cases, the resisvance value decreased. If, as before, we assume
that R
equi•r is determined by locked-in strains and inhomogeneities, then
it appears that aging at room temperature has an annealing effect.
2.3.5 Cylinder Fracture Experience
Three of the cylinders described in Table
In all cases, the crack was in a plane th
three cylinders were numbers 3, 5 and 7.
for endurance testing pin-type electrical
each end face, 0.034 inch in diameter rind
soldered into the holes. The fracture of
A-II cracked while being driven.
rough the cylindei axis. The
Number 3 was a test cylinder
i.ads. There was a hole in
0.16 inch deep. Ping were
this cylinder occurred in a
plane containing the pins. The cylinder was being driven with 25 watts
input power, a relatively high value, when the fracture occurred. It was
concluded that stress concentrations associated with the pin holes called
the cracking. This cylinder had been hear-treated, and the transient
temperature profile was unknown. The
ceived" to the "after nickel plating"
was +14 percent.
Cylinder number 5, like number 3. had
installation, and had been heat-treat
change in 
Requiv from the "as re-	 «
condition with pins soldered in
holes in the end faces for pin
ed with an unknown transient tempera- 	 0
ture profile. However, this cylinder's fracture was in a plane not con-
taining the pins. The change in Requiv from the "as received" to the
"after nickel plating" condition was +2 percent.(Data on Requiv after
pin installation was not taken.)
Cylinder number 7 did not have holes in the end faces. However, like.
numbers 3 and 5, it had been heat-treated with an unknown transient
# n
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temperature profile. The change in 
Requiv from the "as received" to the
it
	 nickel plating" condition was +40 percent. This cylinder had the
largest 
Requiv in the "after nickel plating" condition of any of the five
cylinders where data is available.
The experience with cylinder cracking indicates the following: The com-
bination of high power driving and mechanical stress concentration makes
a cylinder likely to fracture (for example, cylinder number 3). An un-
usually large increase in 
Requiv during processing, and/or an unusually
large value of Requiv' may be indicative of a tendency to fracture (for
exampl , . cylinder number 7). There are other factors which make a cylinder
likely to fracture which are not readily apparent from data of the kind
which has been taken (far example, cylinder number 5).
2.3.6 Resonant Frequencies
The data on resonant frequency given in Table A-II illustrates the vari-
ability of this quantity from one cylinder to another, and from one con-
dition to another on the same cylincer. Fortunately, this presents no
problem, since a self-tuning oscillator is used to drive the transducer
in its final form.
2.4 Summary
A thick-wall, full-scale Phase II cylinder, with the plated end electrode
configuration, nickel plating, and heat-treat stabilization, was found to
have displacement characteristics (in the first "hoop" mode) which are
generally as favorable as those of the Phase I cylinders. Typically,
midplane radial displacements of approximately 110 microinches single
amplitude can be expecte% in the free-cylinder condition with 20 volts
rms excitation and 10 watts input. The radial displacement amplitude
at the cylinder ends for the Phase II cylinder was 75 percent of the
iM
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midplane value. This is more favorable than the Phase I case, where
the cylinder end radial displacement amplitude is 30 percent of the mid-
plane value. In the Phase II case, the mean axial displacement amplitude
is 30 percent of the midplane radial displacement amplitude. This compares
with 35 percent for the Phase I case.
The Phase II cylinder mode shape is such that the inner edge axial dis-
placement amplitude is 17 percent more than the mean axial displacement
amplitude. The outer edge axial displacement amplitude is 17 percent less
than the mean axial displacement amplitude.
The experience with several cylinder blanks used in the Phase II effort
indicates the following:
(a) In going from the "as received" condition (silver plated)
to the "final" condition (heat-treated, nickel-plated,
plated end electrode configuration), Q consistently increases
and tt►c, equivalent resistance at resonance, 
Requiv' generally
increases.
(b) The heat treatment alone can decrease 
Requiv if the temperature
limit is 300 F and if the changes in temperature do not exceed
60 F/hr. More severe heat treatments produce an increase in
Requiv'
(c) The effect of changing from the original silver plating to
the nickel plating and the plated end electrode configuration,
after heat treatment, is to decrease Requiv' increase Q, and
increase the 1 kcps small signal capacitance.
(d) Aginp at room temperature produces a decrease in Requiv'
(e) The tendency of a cylinder to fracture during electrical
excitation is related to high stresses resulting from mechanical
stress concentrations and high power driving. Also, an usually
high value of Requiv' and an unusually large percentage increase
in 
Requiv during processing ;	been correlated with subsequent
f
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fracture. In one cylinder fractur
lationship to before-the-fact data
(f) The "hoop" mode resonant frequency
tion is generally about 15.8 kcps,
of 100 cps occur between different
ferent stages of processing on the
e incident, no apparent re-
has been found.
in the free-cylinder condi-
but variations of the order
cylinders and between dif-
same cylinder.
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SECTION 3: MATERIALS AND PLATING
Selection of materials, plating, and other processes were determined by
several requirements. One of these concerned thermal expansion. Since
the bearing gaps are very small (of the order. of 100 microinches) compared
with the overall dimensions of the transducer, crit{cal parts of the trans-
ducer should be reasonably well-matched in coefficient of thermal expansion.
The lead-zirconate-titanate piezoceramic cylinder being an essential. part
of the transducer, other critical parts were matched with respect to it.
Referring to Figure A-1, we see that there are only two such parts, the
floated cylinder and the outer cylinder. The HDT-31 material is repre-
sentative of a type of piezoceramic having a coefficient of thermal
expansion
a = + 2.1 microinches/inch- F .
This applies to the material in the temperature range of 30 F to 120 F.
The above coefficient is for expansion in directions perpendicular to
the poling direction, i.e., along the cylinder length and circumference.
	
M
Because piezoceramics are anisotropic, the coefficient for expansion
along the poling direction, i.e., across the cylinder wall, is different.
In the present case, the coefficient in the poling directic, is,
a = + 1.0 microinch/inch - F
This coefficient, too, applies when the material is in the temperature
range 30 F to 120 F.
Of all the readily available, readily machined, engineering materials
reviewed for t..he floated and outer cylinders, molybdenum had a coef-
ficient of thermal expansion nearest to those of the piezoceramic material.
wA-25
The arc vacuum cast-type of molybdenum was selected; this has a thermal
expansion coefficient
a - + 2.9 microinches/ins h - F
This value is the mean of 2.7 and 3.1 microinches/inch - F, the range of
values found in the literature. It applies to the same temperature
range as do the coefficients quoted for the piezoceramic.
Using the above values, we estimate that the mean radial gap will change
approximately 1.54 microinches each 1 F change in temperature. With an
increase in temperature, the gap between the piezoceramic cylinder and
the outer cylinder increases, and the gap between the piezoceramic cyl-
inder and the floated cylinder decreases. The mean axial gap (one side
of the transducer) will increase approximately 0.86 microinch for a I F
rise in temperature.
Another favorable quality of molybdenum is its relatively high thermal
conductivity. This facilitates heat rejection from the floated cylinder
and piezoceramic cylinder.
Again referring to Figure A-1, it is seen that the thrust plates must be
electrical insulators. They must also be machined flat and with good
surface finish (at least on the side facing the cylinders). Two different
materials were used. One was aluminum oxide. A long lead time for pro-
curement of blanks was a practical difficulty encountered with the alumi-
num oxide material. The second material used for the thrust plates was
a glass, Corning type 7740 (commonly known as Pyrex), in the annealed
condition. This material proved to be readily available and machinable
without undue difficulty. Although the mechanical properties of the
aluminum oxide are superior to those of the glass, the glass is still
adequate for the present application.
i•
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The first transducer assembled and operated had both aluminum oxide and
glass thrust plates. After a period of operation, considerable transfer
of nickel plating material from a piezoceramic cylinder end face to an
aluminum oxide thrust plate was noted. Similar material transfer to the
glass thrust plate, but to a lesser extent, was also noted. Possible
causes of the metal transfer are abrasion between the relatively soft
nickel plating and the harder thrust plate surface (especially in the
case of the aluminum oxide), or chemical affinity of the nickel and the
thrust plate materials, or both.
Treatment of the plated piezoceramic cylinder surface with molybdenum
disulfide alleviated the material transfer problem. The treatment con-
sisted of rubbing the piezoceramic cylinder surface with dry, powdered
molybdenum disulfide, and then wiping and blowing the surface until it
was visually clean. The very thin molybdenum disulfide layer adhering
to the cylinder surface (invisible to the naked eye) helps prevent mate-
rial tran-fer. Its lubricating properties also facilitate transducer
assembly and disassembly.
Other parts of the transducer are not as critical as those discussed 	 M
above. These were fabricated from stainless steel and aluminum. The
aluminum parts were black anodized.
Electroless nickel plating was applied to the piezoceramic cylinder sur-
face after completion of the precision machining. The plating process
is described in Appendix A-1. This process has proven to be fairly
repeatable, resulting in a uniform plating thickness from 30 to 50 micro-
inches thick. A light lapping operation was performed after plating to
remove high spots and polish the surface.
Machining of the piezoceramic cylinder was done by Grinding, ultrasonic
machining, diamond drilling, and lapping. The aluminum oxide and glass
w.....m ..	 _.^, w
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thrust plates were machined by appropriate combinations of these oper-
ations. The molybdenum parts were machined by conventional turning,
drilling, grinding, and lapping. The actual bearing surfaces 1-lad sur-
face finishes of 4 microinches rms or better, except for the aluminum
oxide thrust plates where the surface finish was 6 microinches rms.
Because the bearing gaps are relatively small, great care was taken during
assembly to exclude contaminating particles. Upon completion of machining
operations, the parts were degreased and ultrasonically cleaned. An
exception to the ultrasonic cleaning was the piezoceramic cylinder sine:
there was judged to be a risk of local loosening of the electroless
nickel plating. The aluminum oxide thrust plates, being somewhat porous,
were heated and vacuum-soaked to assure their dryness. Actual assembly
of the transducer was performed in a dust-free clean room.
We have discussed above some of the more important material and process
aspects of the squeeze-film bearing, -ransducers. The following section (4)
describes the mechanical features.
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SECTION 4: TRANSDUCER DESIGN
Two squeeze-film bearing transducers have been built. Both are of the
same basic design, differing from each other in details. Figure A-6
shows the basic design.
4.1 Floated Cylinder Assembly
The floated-cylinder assembly consists of a one-piece shaft on which is
mounted the precision,molybdenum floated cylinder. One end of the shaft
has an axial hole for power and signal leads. The inner thrust plates
are held against the floated-cylinder ends by means of washer-type springs.
Seating the washer-type springs by means of the two nuts on the shaft
holds all of the structural parts of the floated-cylinder assembly to-
gether. Inside the floated cylinder are shown two optical displacement
pickup probes. (These were installed by Mechanical Technology Incorpo-
rated after delivery of the transducers.) Their function is to monitor
the radial dynamic displacement of the inner diameter surface of the
piezoceramic cylinder during operation of the bearing. One pickup is at
midplane and the other is at one end. Both are in the same plane through
the cylinder centerline. Also in the floated cylinder is a thermocouple
for monitoring the floated-cylinder temperature, and load resistors for
simulating the heat dissipation of a live gyro float. One of the inner
thrust plates has an optical displacement pickup probe. (This was also
installed by Mechanical Technology Incorporated.) This pickup monitors
the axial dynamic displacement of the piezoceramic cylinder near the inner
diameter edge. Both transducers have the same floated-cylinder assembly
design except for the thrust plate materials. In the first transducer
delivered, aluminum oxide was used, and in the second, glass.
It is noted here that the floated-cylinder assembly described above is
not intended for torque measurements. This is because of the leads
coming through the shaft, the probe mounted in the inner thrust plate,
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and the unsteady center of mass location of the internal contents of the
float. Also, because this floated-cy-l inder assembly is heavier than an
AB-5 gyro float, it is not suitable for obtaining vibration and shock
data representative of possible flight applications. The floated-cylinder
assembly just described is used for instrumenting the piezoceramic cylin-
der dynamic displacements under various static load conditions, determining
thermal effects on bearing performance, and obtaining static load versus
deflection data. An uninstrumented float, to be described in Section 4.4,
is provided for torque measurements and dynamic load testing.
4.2 Piezoceramic Cylinder
The piezoceramic cylinder in the first transducer delivered had pin-type
electrical connections. Countersunk holes were machined in the piezoce-
ramic cylinder ends before plating. After plating and polishing, nickel
metal pins, 0.032 inch in diameter, were fastened into the holes by
soldering with indium solder. The lead wires were then soldered to the
exposed ends of the pins.
During assembly of the transducer, the plating on one of the end faces
was inadvertently damaged. This damage, consisting of removal of portions
of plating, was confined to the area opposite the inner thrus t_ plate of
the floated cylinder assembly. The cylinder end affected was the one
where the plating continuity was normally broken by chamfering the inner
diameter edge. (It will be recalled that the continuity of the plating
is broken at the inner diameter edge at one cylinder end, and at the
outer diameter edge at the other end, to divide the entire plated surface
into two electrode surfaces.) To remedy the damage, the plating was
etched from the entire inner portion of the damaged cylinder end surface.
This exposed the piezoceramic material, and the precision piezoceramic
material surface served as a bearing surface opposite the inner thrust
plate surface when the transducer was assembled. The outer portion of
the cylinder end, which was opposite the outer thrust plate, still
aA- 31
retained its plating. Since this outer portion contained the electrical
connection pin, the cylinder could be driven electrically as before. the
molybdenum floated cylinder was shortened to compensate for the thickness
of the plating removed.
Gress rotation of the piezoceramic cylinder is prevented by a slot in
each outer (stationary) thrust plate, through which the electrical con-
nection pin passes with clearance.
Di"iculty was experienced with the piezoceramic cylinder in the first
transducer during use. Plating was lost at the cylinder edges such that
electrical continuit y ► was broken between one of the connection pins and
Its corresponding cylindrical electrode surface. As a result of this
experience, and from other considerations, the design was modified for
the second transducer. Figure A-7 illustrates the design approaches for
the first and second transducers.
It is seen that instead of pins soldered into holes, wires soldered into
shallow depressions are used for electrical connection in the second trans-
ducer. This change eliminates stress concentrations which might cause
the cylinder to fracture during operation at high power levels. With
the absence of the electrical connection pins, other means for preventing
rotation of the piezoceramic cylinder must be used in the second trans-
ducer. This is achieved by a pin which projects through a hole in the
otationary outer thrust plate and engages,, with clearance, a notch in
the piezoceramic cylinder. The antirotation concept as applied to the
second transducer is shown in Figure A-6. It is applied at only one end
of the transducer. The notch in the piezoceramic cylinder is shown in
Figure A-7(b). To help assure proper electrical continuity in the event
of plating loss, a groove was machined in each end of the piezoceramic
cylinder, before plating, leading from the electrical 	 .;tion area
to the corresponding cylindrical electrode ,surface. 	 ..ilarly, notches
were machined at the cylinder edges. While plating .oul a be worn or
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otherwise removed from the piezoceramic cylinder edges or even from the
entire bearing surface of a cylinder end face, it is unlikely that plating
would be lost from the bottoms of the grooves and the notches. Thus,
electrical continuity would be maintained.
The end view in Figure A-7(b) shows the groove and continuity notches
connecting with the inner diameter cylindrical surface. At the other
end of the cylinder, the groove and continuity notches connect with the
outer diameter cylindrical surface.
4.3 Outer Cylinder and Stationary Parts
The molybdenum outer cylinder surrounds the piezoceramic cylinder and is
itself surrounded by a coolant jacket and housing, both made from aluminum.
Provisions were made for coolant in the event that laboratory tests at
high electrical driving power levels are performed. Operation at moderate
power levels does not require liquid cooling.
The molybdenum outer cylinder has a thicker wall than actually required
because the transducer design was originally laid out to accommodate a
thicker wall piezoceramic cylinder, if one became available. This fact,
plus the liquid coolant provision, results in a larger overall diameter
for the transducer than would otherwise be necessary.
The transducer is operated with the piezoceramic cylinder inner electrode
surface at ground potential. This is to prevent shorting or arcing when
the floated cylinder contacts the electrode surface during startup or
bottoming under lead. The floated cylinder is grounded because of the
electrical components associated with it. Thus, the piezoceramic cylinder
outer electrode surface is the electrical "hot" surface, and the outer
cylinder must be electrically isolated to prevent shorting or arcing.
The required electrical insulation is provided by an anodized surface on
the inner diameter of the water Jacket, and by glass outer thrust plates.
a
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The thru ,,r plates are held against the outer cylinder ends by a washer-
type spring at one end of the housing. When bottomed, this spring loads
the stack, consisting of the outer cylinder and the two outer thrust
plates, against a clamp washer at the other end of the housing, One of
the outer thrust plates has an optical displacement pickup probe to moni-
tor the axial dynamic displacement of the piezoceramic cylinder near the
outer diameter edge. (This probe was installee by Mechanical Technology
Incorporated.)
isnd plates, made of aluminum, are attached to the housing. These have
mounting locations for optical or capacitive probes to measure the motion
of the floated-cylinder assembly relative to the stationary part of the
bearing. Two probes can be mounted at each eud for sensing radial motion
of the shaft. The two probe axes on a given end are 90 degrees apart.
The end plates can be installed such that the probes on one end point
either in the same directions or in opposite directions as the probes
on the other end.
Also, two probes can be mounted at each end for sensing axial motion of
the inner thrust plates. The two probe locations on a given end are
spaced 90 degrees apart around the bearing axis. Depending on how the
end plates are installed, the axial motion probes on one end can either
be directly opposite the two on the other end, or can be displaced 180
degrees from that position.
Terminal plates are installed on the housing to facilitate connection of
leads for the piezoceramic cylinder driving power. A plate is provided
for mounting the stator of a torquer on one end of the transducer. this
is for use with the uninstrumented float.
The outer cylinder and stationary parts are the same in both the first
and second transducer, except for slight changes in the second transducer
4
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associated with the antirotation means. These changes are a notch in
the outer molybdenum cylinder: to engage the antirotation pin, a hole in
one outer thrust plate foi the pin, the pin itself, and retainers pressed
into one end plate to keep the pin in place.
4.4 Uninstrumented Float
The uninstrumented float is illustrated in Figure A-8. The cylinder member,
and the two supporting discs at each end, are made of molybdenum. These
parts are joined by elec t
 rnn beam welding. The precision outer surface
of the cylinder is chromium plated. The shaft and its end inserts are
of stainless steel, assembled by electron beam welding.;-The shaft goes
through central bores in the molybdenum supporting discs. The thin-
walled shaft is epoxy-bonded to one disc and is a light interference fit
with the other. This construction prevents distortion of the critical
float surfaces from differential thermal expansion of the molybdenum and
stainless steel parts.
The thrust plates are of aluminum oxide. The clamp plates, which hold
the thrust plates against the cylinder ends, are of stainless steel. As
is indicated in Figure A-8, there are provisions on one end of the shaft
for balancing, and on the other end for mounting the rotor of a torquer.
The uninstrumented float is dimensioned to fit with the piezoceramic cyl-w
i n der of the second transducer delivered. Its weight is 19 ounces, which
compares with 15 ounces for a typical AB-5 gyro float.
4.5 Bearing Areas and Cle a a_es
The nominal bearing areas, neglecting the small areas lost due to probes,
notches, etc., are as follows:
Inner journal bearing projected area 4.66 in2
Outer journal bearing projected area 6.66 in2
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Inner thrust bearing area (one sid(s)	 1.17 in2
Outer thrust bearing area (one side)	 2.60 in2
The bearing clearances ,re determin,M by the dimensions of the floatc.l
cylinder, piezoceramic cylinder, and outer cylinder as d combination for
each transducer. These three parts were machined as a combination for
each of the transducers, and one part is not interchangeable with another
between transducers. However, the uninstrumented float was machined to
interchange with the instrumented float of the second transducer cielivercd.
The clearAnce information is given in Table A-III. It is assumed that the
flodted cylinder assembly and the piezoceramic cylinder are centered In
the available clearance spaces. The range of values given for five of
the journal bearing clearances indicates variation due to bellmouth and/
or taper of the as.,ociated cylindrical surfaces.
Tolerance information is also given in Table A-III. Circularity is defined
as the difference in radii of two concentric ideal circular cylinder sur-
faces which wcuid contain the actual cylindrical surface between them.
Perpendicularity is defined as the distance between two ideal planes, each
perpendicular to the axis of the cylindrical surface, which would contain
an actual end surface of the cylinder between them. Flatness is defined
as the distance between parallel ideal surfaces which would contain all
actual thrust bearing surface between them. The tolerance information in
indicative of the precision of the critical transducer parts.
on
A-38
roc It -c4
WU
H
r
ro
01
u
w
cd
ar
1.+
^i
C
•r•1
9z
w
H
Nd
3►
.n
cd
H
N "d
a ^;
u
r^-
' b o o in
0
coo coo coo
.Q ^?` *D t+ N N N N rn
N
w
a a
b V O to
h O t>^
N
.•^
fd fd O c O ►n O O S? O O O O
E+ O N O ^0, ^0 •-+ N -+ N N N N N N
. + ..^
in Ia
'd
0
a
w 'v
a !^
u o
ti a
ti u^
ul N N
b w b O U1 O to O 000 0 0 0
w 0 N •-+ N N M N N N-4 ^
• to in
C
r7
w0
O
u
a
a
u u
a
•)u
93
N aH
N (d N v .. N ^ ti ►.a)	 W
u u
a
u
,.^
u 
a^ U 0U .. ,  U,
14	 u o o 0 ,. 0 aup, au
+ (dM
d w tiu
^
^
1/+ a W •^ MMYi	 • r, 'P4 •~ rte+ • PC4 V ,^ •~ N
►^+ wUH:P4
,d
14
co •.+ uaU u U uvU u10 0
4
F+ a E+	 a  ^i ► -,	 •d rd 4) N a d N 0 N N 0 a
0
ti
N v S^", a
y
v
C: O
O
0 0 u a w
k.
4A-3a
SECTION 5: ELECTRICAL DRIVE CIRCUIT
The electrical drive circuit for toe squeeze-film bearing transducer is
shown schematically in Figure A-9. It is a power oscillator whose fre-
quency is determined by the piezoceramic cylinder load so that small
variations in the cylinder natural frequency can be accommodated. The
circuit includes an ac ammeter for monitoring the load current. The
output is from a tapped transformer. The supply voltage required is do
up to a maximum of 28 volts. The magnitude of the ac current driving
the piezoceramic cylinder is set by adjusting the do supply voltage
externally. The basic circuit can deliver up to 70 watts to the piezo-
ceramic cylinder load.
It is seen in Figure A-9 that the piezoceramic cylinder load is in a
current feedback loop and is the frequency determining element of the
circuit. The current through the load is maximum at a resonant (mini-
mum impedance) frequency, and is coupled to the amplifying transistors
by transformer T i . The output of the transistors is then transformer-
coupled back to the load properly phased to produce positive feedback.
The piezoceramic cylinders used in the transducers have two high-Q
resonances at about 16 kc and 32 kc. The 16 kc mode is the "hoop" mode
desired. However, the 32 kc mode has an equivalent resistance at reso-
nance about one-fifth that of the 16 kc mode. Thus, the circuit would
oscillate at the lower resistance 32 kc resonance rather than the 16 kc
resonance if the circuit were not tuned to favor the desired resonance.
The tuning is obtained by a parallel L-C filter, across the bases of
the transistors, using the secondary winding of T l as the inductance.
Emitter resistors are used to decrease the loading of the filter. This	 f
increases the filter Q, furthering the rejection of the 32 kc mode.
With this circuit design, there was no tendency to oscillate in the.
32 kc moue.
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During normal operation, the transistors ara overdriven to saturatoni
and cutoff, producing a distorted square wave voltage across the load.
However, the load current is essentially sinuooidal duo to the high
impedance prose,ted to the harmonica. This switching operation of the
transistors is employed to minimize transistor dissipation, especially
at the higher power levels.
Oscillation is :,nitiated by a forward bias on the transistors! After
several cycles, a slight reverse bias is developed. The reverse bias
cuts off trio transistor current for slightly more than half a cynle,
assuring that the current is zero when there is any appreciable collector
voltage on the transistor. This helps minimize dissipation in the
transistors.
For ease of starting the circuit oscillation at a low power level, base
(tuniug) capacitors would be selected for a maximum small-signal loop
gain at the desired resonant frequency. However, during large-signal
operation, the charge stored in the transistors during saturation intro-
duces an additional capacitance component in the base circuit. This
produces a ph se shift between the transistor base drive and the emitter
current with increased transistor dissipation as a result. To minimize
this dissipation, the base capacitors would be selected to compensate
for the storage effect under large-signal operation. therefore, selec-
tion of the actual base capacitor value is a compromise between ease of
starting and low dissipation under high power drive.
Maximum protection is designed into the oscillator to prevent damage
dun to malfunctions during testing. Large transistor heat dissipators
give at least a 5-to-1 safety factor in transistor junction temperature.
A double zener prevents over--voltages due to sudden lose of load. A
fast acting magnetic circuit breaker interrupts prime power in case of
overloads.
f
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The power level is adjusted by varying the do supply voltage. Power
level can be further set by a selection of taps on the output transformer.
A self-contained ac current meter measures the load current directly.
The meter responds to the rectified average, but is calibrated to read
mu of the fundamental component. Accuracy is better than 5 percent
above 0.5 ampere and 10 percent below 0.3 ampere.
The 1/2-ohm resistor shown
to%d is for convenience in
on an oscilloscope. With
diameter electrode surface
it is desired to have this
resistor can be bypassed.
in series
obtaining
this resin
is not at
electrode
with the piezoceramic cylineer
a current signal for examination
for in the circuit, the inner
a steady ground potential. When
surface grounded, the 1/2-ohm
The drive circuit was operated successfully with three different piezo-
ceramic cylinders of nominally the same characteristics. Maximum power
delivered to a free load (not in a transducer) was 72 volt-amperes at
the fundamental. The load voltage and current were measured with a
wave analyzer. The actual power may be less than 72 watts because
phase was not measured quantitatively. The transistor temperature rise
under these conditions was 10 C.
The minimum supply voltage at which oscillation would start was 4 volts.
This was with the transistor bases tuned for optimum starting.
The load current wave shape differed between cylinders and power levels.
The first delivered transducer had a current wave form that was always
symmetrical. With the other cylinders, at moderate power levels, the
current wave shape indicated a second harmonic component. Above 20 watts
the current waveform was further distorted giving a repetitive wave
shape every two cycles. There is no apparent ill effect on the trans-
ducer or on its performance resulting from such distortions.
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SECTION 6: DISTRIBUTED SUPPORT APPROACH
6.1 General Considerations
In the transducer configuration shown in Figure A-1, the piezoceramic
cylinder is supported on squeeze films relative to the stationary parts
of the bearing. An alternative configuration, shown in Figure A-10, has
been suggested. This uses a layer of %^sllient material instead of
squeeze films to support the piezoceramic cylinder. This approach, which
will be referred to as the distributed support approach, offers two
potential advantages. First, the full wall thickness of the piezoceramic
cylinder can be utilized for the thrust bearing support of the floated
cylinder. Second, the requirements for precision finishing of four sur-
faces are eliminated. (These surfaces are the piezoceramic cylinder
outer diameter, outer cylinder inner diameter, two outer thrust plates.)
The resilient material layer mus:, fulfill some basic requirements to be
satisfactory. These are:
(a) The spring rates in the radial and axial directions must be
sufficiently high so that the floated cylinder does not move
excessively when subjected to g-loads.
(b) The spring rate in the radial and axial directions must not
be so high that the layer "clamps" the piezoceramic cylinder,
inhibiting the electrically-driven displacements.
(c) The damping introduced by the material must be sufficiently
low so that the electrically-driven displacements do not
dissipate an excessive amount of power.
Requirements (a) and (b) can be met by compromise values of the spring
rates. Let the elastic properties of a small section of the distributed
support layer (see Figure A-11) be represented by the following quantities.
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Figure A-10 - Distributed Support Approach
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Figure A-11 - Support Layer Element
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k  - spring rate per unit area for compression-tension deformation,
lb/in3
k  - spring rate per unit area for shear deformation,
lb/in3
As a goal, we want both the axial and radial spring rates of the entire
distributed support, for gross motion of the cylinder, to be greater
than 5 x 104 lb/in.
Then,
A k  > 5 x 104 lb/in (axial)	 (A-L)
and
2 (ks + kc) > 5 x 104 lb/in (radial)	 (A-2)
where
A - area covered by support material, in 
The restraint on the piezoceramic cylinder's driven displacements in the
radial direction can be considered in terms of the normal stress on the
piezoceramic cylinder surface due to deformation of the support layer.
We want this normal stress to be less than the hydrostatic pressure
which would cause an equivalent radial deformation of the cylinder.
Treating the piezoceramic cylinder temporarily as a thin-wall cylinder,
we have approximately,
h Y
P - Zp dr
where
P - equivalent hydrostatic pressure, lb/in2
h - cylinder wall thickness, in.
Yp - Young's modulus of piezoceramic material (in direction
perpen.)icular to poling direction), lb/in2
a
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R • mean radius of piezoceramic cylinder, in.6  - radial displacement, in.
The normal stress due to deformation of the support layer is given by,
v k d
c r
where
o a normal stress, lb/in2
Imposing the condition that o < P, we obtain,
h Y
k  < - 2	(A-3)
The restraint of the support layer on the piezoceramic cylinder's axial
driven displacement is considered as follows. For simplification, we
assume that the axial deformation of the piezoceramic: cylinder is equiva-
lent to that produced by simple tension or compression in the axial
direction. Such a deformation results in shear stress on the piezoceramic
cylinder surface due to deformation of the support layer. We want the
axial force on half of the.cylinder, due to shear stress on the cylinder
surface, to be less than the forces on a section cut through the cylinder
perpendicular to the axis.
The force on the section cut through the cylinder is,
2 6
F s 2 H R h Yp L
16HRhYp
ka ^	 L A (A-4)
i
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where
F - force, lb
6 a - axial diEplacement at one end of cylinder, in.
L - cylinder length, in.
The other quantities are as defined previously. The force due to shearing
of the support layer is
F-4ks 6aA
The desired inequality between these forces results in
Equations (A-1) through (A-4) can be used to find the proper ranges of
k  and ks . Typical values for the Phase II piezoceramic cylinder are,
h - 0.5 in.
R - 1.33 in.
L - 2.16 in.
Y  - 11.6 x 106 lb/in2
The maximum value the area, A, can have is the entire outer diameter sur-
face of the piezoceramic cylinder. Using this maximum value,
A - 21.4 in 
i
rs
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Then equations (A-1) through (A-4) give the following relationships:
2.34 x 103 < k  < 3.28 x 106 , Win 3
2.34 x 10 3 < k  < 8.38 x 106 , lb/in3
By selecting smaller values of A, some of the limits above can be altered
somewhat. It is seen that the range for preliminary selection of support
material spring rates is quite wide, being more than three decades.
If bulk material is considered for a distributed support, we observe
that,to a first approximation,
Y
k  n e r
G
k
s a
where
Ys A Young's modulus for support material, Win
Gs - shear modulus for support material, lb/in2
a - thickness of support layer, in.
/1"',
For nonmetallic materials, consideration must be given to the dependence
of the elastic moduli on frequency. Some nonmetallic materials exhibit
substantially different values of Ys and Gs for different frequency
ranges. * For the transducer application, the g-loading will occur in the
*Sun Hwan Chi, Bibliography and Ta
Nonmetallic Materials, WADD-TR-60 , September 1962
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range,0 to 3000 cps, while the driven oscillation of the piezoceramic
cylinder is in a very narrow range near 16,000 cps.
Requirement (c) above, concerning the damping introduced by the support,
means that the support material must have low internal mechanical losses.
High losses will manifest themselves in a reduced value of Q for the
driven cylinder. The internal losses in the material are generally
frequency dependent. In our case, we are interested in a narrow fre-
quency range near 16,000 cps.
The criteria discussed above can be used to screen a number of candidate
materials for a distributed support design. In addition to these criteria,
factors such as ease of fabrication, thermal conductivity, and others
will influence the material selection. However, before undertaking a
comprehensive material search and evaluation, it was decided to fabri-
cate and test some distributed support models using readily available
resilient material and a nonprecision piezoceramic cylinder. This step
demonstrated the distributed support approach and provided experience
in its application. The next section describes the experimental work
performed.
6.2 Experimental Results
The piezoceramic cylinder lised for the distributed support experiments
had the following dimensions,
Outer diameter	 3.0 in.
Wall thickness	 0.25 in.
Length	 3,0 in.
It was made from the same general type of lead zirconate-titanate material
as the cylinders used in the transducers. Its "hoop" mode resonance
was approximately 14.6 kc. The distributed support material :,as applied
tf
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to the inner diameter surface of the experimental cylinder rather than
the outer diameter surface to facilitate dynamic radial displacement
measurements. The "ground" member for each support configuration was
provided by a metal mandrel or rod passing through the piezoceramic
cylinder and concentric with it.
The resilient support material was a foam-in-place silicone rubber.*
This material was flowed into place, between the piezoceramic cylinder
and the internal mandrel or rod, and was allowed to set. Data provided
by the manufacturer indicates that the static Young's modulus,in com-
pression,ranges from 13 to 27 Wing . Other mechanical properties are
not given.
Three support configurations were investigated. These are illustrated
in Figure A-12. In the first, the spline shape, the objective was to
provide areas of close clearance between the piezoceramic cylinder and
the stator to facilitate heat transfer. At the same time, the close
clearance regions were essentially free of elastomeric support material
to minimize the restraint on the cylinder's driven motion. The depth of
the splines was 0.38 inch, and the clearance between the spline teeth
and the cylinder was 0.010 inch. The tip and sides of the spline teeth
were treated with release compound before the support material was applied,
to prevent adherence at these places. Primer was used on the spline
root surfaces and the piezoceramic cylinder surface to promote adherence.
The uniform support configuration used simply a relatively thick
(0.100 inch) layer of support material between the piezoceramic cylinder
and a concentric inner metal cylinder. In this configuration, there is
no special feature to facilitate heat transfer.
x
*Eccofoam SIL, manufactured by Emerson & Cuming, Incorporated
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In the three-segment configv ation, there is a relatively small gap
(0.015 inch) between the piezoceramic cylinder and a concentric inner
metal cylinder. Half of the clearance space area is occupied 1 iy the
elastomeric support material, arranged in three-segments around the cir-
cumference. Here, the material is confined in a small clearance space,
but heat transfer is better than in the uniform support configuration.
Before obtaining experimental data on the distributed support configura-
tion described above, the piezoceramic cylinder was first run free. The
cylinder Q, power input and dynamic displacements were measured. The
cylinder was excited at its "hoop" mode resonance, approximately 14.6 kc.
It was found that the radial displacement at the cylinder ends was
25 percent of the radial displacement at midplane. Also, the axial
displacement was 45 percent of the rr:,uial displacement at midplane. Dis-
placement measurements were made using the experimental setup of Fig-
ure A-3, as previously described.
Cylinder Q and power input were measured on all thre,A distributed sup-
port configurations. The midplane radial displacement and static axial
spring rate were measured on the uniform and three-segment configurations.
The static axial spring rate was found by applying a dead weight axial
load and measuring the relative displacement between the piezoceramic
cylinder and the brass rod, using the Fotonic optical displacement probe.
In the case of the three-segment configuration, the static radial spring
rate was measured also by the same general method as for the static axial
spring rate.
The results of the experimental measurements are given in Table A-IV.
We see that in all three distributed support configurations, the Q values
are very much less than the corresponding .ree cylinder values, Also,
for a given input power level, the distributed support displacements are
very much less than the free cylinder displacements. The spline-shape
configuration probably yields displacements of the same under as those of
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the three-segment configuration, since the Q values and input powers
for the two configurations roughly correspond.
The results indicate that high power dissipation would be required if
any of the distributed support configurations we have investigated experi-
mentally were used in a bearing transducer. For example, we find that
extrapolation oi^ the power-displacement data presented in Table A-IV
fot the three-segment configuration yields 38 watts for a 100 microinch
single-amplitude midplane radial displacement. For comparison, it is
expected that the double-film transducers which have been fabricated will
require 10 watts or less for the same displacement.
The static axial spring rates of the uniform and three-segment configura-
tions are lower than the 5 x 104 Win minimum limit we have adopted.
However, the static radial spring rate for the three-segment configura-
tion is within the limit, and the static axial spring rate is within a
factor of 2.5 of being within the limit. Thus, a distributed support,
using the resilient material and general approach we have selected, could
very probably be designed to meet the static spring rate requirements.
While the distributed support configurations investigated seem capable
of ultimately ha-ring sufficiently high static spring rates for a bearing
transducer application, the power requirements still pose a problem.
Unless tens of watts dissipation can be tolerated, either the transducer
must be operated at relatively small displacements, or alternate support
materials and/or configurations must be investigated. One such alternate
approach which appears attractive is the use of a large number of metallic
flexures as a distributed support. However, because further distributed
support investigations were beyond the scope of the transducer develop-
ment effort, the double-film approach was used for both transducers
delivered.
wt
A
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SECTION 7: SUMMARY AND CONCLUSIONS
As a continuation of the Phase I work on the development of squeeze-
film bearing transducers, two precision units for laboratory evaluation
have been designed, fabricated and delivered. These transducers are of
the double-film configuration which offers the advantages of mechanical
simplicity and a small number of essential parts. Wib!, displacements
of a single, electrically-driven, piezoceramic cylinder provide journal
bearing support for the floated cylinder and for the piezoceramic cylin-
der itself. Simultaneous ixial displacements of the piezoceramic cylin-
der provide thrust bearing support for the floated cylinder and for the
piezoceramic cylinder itself.
The transducer design is based on using a lead-zirconate-titanate piezo-
ceramic cylinder having a relatively thick wall, the wall thickness to
mean diameter ratio being 0.19. Experimental data was obtained on the
dynamic displacement mode shape and amplitude, end the electrical charac-
teristics of cylinders representative of those used in the transducers.
The cylinder is driven in the first "hoop" mode resonance at approximately
15.8 kc. The radial. displacement is more uniformly distributed along
the cylinder length than in the case of the thin-wall Phase I cylinder,
whit;: is iavorsble. The mean axial displacement of the Phase II cylinder
is 30 percent of the midplane radial displacement, which is only slightly
smaller than the 35 percent value of the Phase I case. The inner edge
axial displacement of the thick-wall Phase II cylinder was found to be
17 percent greater than the mean axial displacement, and the outer edge
axial displacement 17 percent smaller. With a free cylinder, a single-
amplitude radial displacement of 100 microinches was obtained with approxi-
mately 7 watts input power.
The metal parts of the transducer which affect the bearing gaps were
made of molybdenum, because this material matches the thermal coefficient
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of expansion of the piezoceramic material more closely than other readily
available metals. The thrust plates were made of aluminum oxide in some
cases, and of glass in other cases. Two types of electrical connections
to the piezoceramic cylinder were used. The first transducer had pins
soldered into holes in the cylinder end faces. In the second transducer,
in order to eliminate stress concentrations due to the holes, shallow
depressions in the cylinder end faces were substituted. Fine wires were
then soldered into the depressions. Also in the second transducer, small
notches and grooves were machined in the piezoceramic cylinder before
p.-ating. These help minimize the probability of losing electrical
continuity in case of local wear of the plating on the bearing surfaces.
The floated cylinders of the two transducers each had two internal dis-
placement pickoffs, a thermocouple, resistors to simulate the power
dissipation of an inertial instrument, and a displacement pickoff probe
in one of the floated cylinder's thrust plates. Thus, much useful infor-
mation can be obtained using the floats provided. However, due to their
weight, electrical connections, and flexible internal parts, the instru-
mented floats are not suitable for dynamic loading or torque tests.Y.
Therefore, an uninstrumented float is also provided. This weighs 10
ounces, has no connections or leads, and no flexible internal parts. It
is sized to fit the second deliverable transducer and is used for dynamic
loading and torque tests.
Each transducer has an electrical drive circuit for providing drive
power to the piezoceramic cylinder of the bearing transducer. The cir-
cuit is a self-tuning osci.. `or, its frequency being determined by
the piezoceramic cylinder rCL_ -ice. Transistors are used in the switch-
ing mode to minimize power dissipation in the drive circuit. The prime
power required is dc, adjustable from zero to 28 volts. The power into
the piezoceramic cylinder is varied by adjusting the magnitude of the
do supply voltage. The basic circuit can handle 70 watts, which is beyond
the anticipated requirement of the transducer.
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An alternate to the double-film design approach was given preliminary
evaluation. This is the distributed support approach in which resilient
material supports the piezoceramic cylinder with respect to the transducer
stationary parts. This approach vould eliminate the need for four of
the ten precision bearing surfaces used in the double-film version and
would increase the available thrust bearing area. Criteria for the
distributed support characteristics were derived.
A silicone rubber foam was used for the support material in the experi-
mental evaluation. Three configurations were tested with a nonpr.ecision
piezoceramic cylinder. The rr.sults showed that there was substantial
power dissipation in the support. The stiffness of the test configura-
tions Lo external loads was generally lower than desired, although a
design acceptable from a stiffness standpoint is probably possible. The
distributed support configurations tested were not judged favorable for
the transducer application, relative to the double-film approach. This
decision was based mainly on power considerations. However, the distrib-
uted support approach, in general,merits further investigation.
The following conclusions are drawn from the work performed.
(a) The transducers delivered should be evaluated extensively
to determine their performance characteristics and develop
information of value for future squeeze film bearing designs.
(b) Further investigation is needed on the stability of piezo-
ceramic materials, particularly dimensional stability.
Methods for stabilizing the materials, such as by heat
treatment, need further study.
(c) Investigations are needed or. Lhe strength characteristics
of piezoceramic material shapes and on the mechanism of
fracture. This is critical where thick-wall, curved shapes
are fabricated and subjected tc, high power resonant drive
operation.
t
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(d) The distributed support approach should be given further
investigation. Among the configurations to be studied
should be those using metallic flexures, rather than
elastomeric material, for piezoceramic cylinder support.
,a
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APPENDIX A-1
PLATING PROCESS FOR PIEZOCFRAMIC CYLINDER
ti
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^f1127 2 1RESEARCH LABORATORIES DIVISION4809-102	 SOUTHFIELD, MICHIGAN PS -333 x l
ENGINEERING SPECIFICATION
•I.LQ	 Electroless Nickel Plating of Clenite DA VIE
HDT-31 Piezoceramic Material 10-10-65
The equipment, materials uRed,
	 and procedures followed
	 in electroleRS plating
of the piezoceramic bearings are described as follows:
1.	 Equipment
A.	 12 1 liter beakers
B.	 1	 2 liter beaker
C.	 1	 Holder
	 (special)
D.	 1	 Hot plate, magnetic stirring
2.	 Materials
A.	 Commercially prepared concentrated solutions obtained from
Enthone Incorporated which includes
(1)	 Chemical cleaner PC 452
(2)	 Alkaline cleaner Actane 73
(3)	 Sensitizer PC 432
(4)	 Activator PC 440
(5)	 Plating solution A and B
B.	 Deionized water
C.	 Sodium hydroxide A.R. grade
D.	 Toluene or trtchloroethylene
E.	 pH indicator paper, 4.0-5.0 range
F.	 Whatman filter paper No. 41
3.	 Procedures
A.	 Solution preparation
(1)	 PC 452 - Prepare the cleaning solution by dissolving 32 grams
of powder in one liter of water.
(2)	 Actane 73 - Prepare the alkaline cleaner by dissolving
32 grams of powder in 730 milliliters of eater.
(3)	 PC 432 - Prepare the Rensitizer by diluting one part of a
standard concentrated solution with 15 parts of
distilled water by volume.
(4)	 PC 440 - Prepare the activator by diluting one part of a
standard concentrated solution with 15 parts of
distilled water by volume.
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IIDT-31 Piezoceramic Material
(5)	 Prepare the plating solution by mixing two solutions
designated as A and B with water in a volume ratio of
2 parts A, 1 part B. and 15 parts water.	 After mixing,
adjust the pit of the solution to 4.6 by the addition of
sodium hydroxide solution.	 Filter the solution through
a No. 41 Whatman paper and heat preparatory to plating
of the ceramic parts.
B.	 Plating procedures
(1)	 Place the piezoceramic part onto a holder and immerse in
a degreasing solution of trichloroethylene maintained
at 130 F for a period of 15 minutes.
(2)	 Remove the part from the degreasing solution, place on
paper toweling and allow to stand until all the degreasing
solution has evaporated from the part.	 Then immerse the part
in a soap solution, designated PC-452,for 15 minutes at a
temperature of 151 F.
(3)	 Remove the pact from the soap solution and immerse in hot
tap water.	 Gradually mix the hot tap water with cold until
the part cools to room temperature.
(4)	 Immerse the part in Actane 73 solution for 30 seconds at
room temperature.	 Remove the part from the solution, rinse
with tap water, rinse with deionized water by immersion, and
rinse by spraying with deionized water.
(5)	 Immerse the part in the solution designated as 440 for 1
minute at room temperature.	 Upon removal from tl-<e solution
rinse thoroughly with deionized water by immersion and
spraying.
(6)	 Immerse the part in the solution designated as 440 for
1 minute at room temperature.	 Upon removal, rinse the
part by immersion and spraying.	 This is the most critical
point of the procedure and will be explained below.
(7)	 Place the part in the previously prepared plating solution
contained in a 2 liter beaker held at a temperature of 165 F.
Plating usually begins immediately with an evolution of bubbles
and the formation of a black layer on the surface of the
piezoceramic.	 The black layer disappears and nickel deposits
onto the surface.	 If the initial black layer does not form,
then the piezoceramic is removed from solution, and again
immersed in the 440 solution, rin ged lightly and replaced
r1ea^Aaa	 sr eNCC11ao sr
LAPFPR0WVKV sr
C	 Ir9
REVISIONS
Oc/111.0. 2141	 V"MINAL. rR.CV IN rNVUUa.. WV601 - acv..v.•
PAGE 2 OF , 3^^
n
RA-63
THE IIENDIX CORPORATION
RESEARCH LABORATORIES DIVISION
SOUTHPIELD, MICHIGAN
PAOjsc• N o, IC001 IDEN", SPsCIPICATIo" «o. as V.
4809-102 112 72
1
 
PS-333 X1
ENGINEERING SPECIFICATION
TITLE	 Electroless Nickel Plating of Glenite
DATE	
In-18-65
HDT-•31 Piezoceramic Material
(7)	 Continued
in the plating bath.	 The part is plated for 8-10 minutes
during which t ime
	
approximately 0.000040 inch of nickel is
deposited.	 The part is removed from the Rolution, rinsed
in hot tap water, and tooled by gradually adding cold water,
removed and rinsed in alcohol.
PREPARE	 BY CHECKED m y APPROVED BY
REVIS10Ns
J
t
Y
..vrwr I we
PAGE 3	 of 
	 -
sC/RLD- 218	 ORIGINAL FILED IN FROOLIGT DESIGN SEGTIVN
x
ri
_	 L	 : .
,, aa, v,adP	 a"Ya_.,. A. I4.. .L r_ wa, .n:	 ^ ^_	 ---^3=
